Introduction
Patients regularly undergo partial hepatectomy to treat benign and malignant hepatic tumors. In most cases, the remnant liver undergoes hyperplasia until the normal hepatic mass is reestablished (1) . As long as an adequate healthy liver remnant (approximately 30-35% of the patient's initial hepatic mass) remains after the surgical procedure, the patient usually recovers without incident (1) . Despite the fact that only 30-35% of the normal hepatic parenchyma is necessary to sustain a patient, following resection the remaining liver tissue proliferates until the previous hepatic mass is restored (1) . This is a tightly controlled process: once the original liver mass is restored, the process ceases and additional hyperplasia does not occur (1) . While this phenomenon has been well described in many species and for many years, the specific mechanisms and factors involved remained to be completely defined (1) .
Many cytokines are upregulated during acute liver injury, including TNF-α, IL-1, IL-6, hepatocyte growth factor, TGF-α, macrophage inflammatory protein-2 (MIP-2), stem cell factor (SCF), and many others (2) (3) (4) (5) (6) (7) (8) .
While many of these molecules contribute to hepatic inflammation via direct effects, effects on the vascular endothelium, and/or neutrophil recruitment and activation, they have also been shown to be involved in hepatic repair and regeneration (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . This may be via direct actions and/or induction of additional factors that promote hepatocyte regeneration and repair (3, 4, 8, 10) . Multiple studies have suggested that there is a complex regulatory system involved in hepatic regeneration following injury. Although many cytokines have proliferative effects on hepatocytes both in vitro and in vivo, no single molecule has been convincingly demonstrated to be the sole factor responsible for controlling hepatocyte proliferation in vivo. The regenerative and reparative process in the liver is exceedingly complex, having many layers. The requirement for multiple signals is likely critical in protecting the liver from undergoing compensatory hyperplasia in the absence of a compensatory need.
SCF is best known as a hematopoietic factor that is involved in the maturation and differentiation of multiple types of bone marrow-derived cells (14) (15) (16) (17) . Since the liver is a site of early hematopoietic activity, SCF may have effects in the fetal liver while hematopoiesis is occurring there. SCF is produced as a transmembrane protein that can be cleaved from the cell surface by enzymes released during inflammatory events, solubilizing the protein (14) . While the proliferative and antiapoptotic effects of SCF are best described in bone marrow stem cells, these effects have also been noted in other cell types, including melanocytes (18) (19) (20) . Recent data suggest that SCF may have a more generalized role in inducing cellular maturation and proliferation in a variety of cell types (21) (22) (23) (24) . Investigations have docu-mented significant hepatic SCF expression, possibly associated with hepatocyte proliferation (21) (22) (23) (24) . The current study investigates the possible role of SCF in hepatic regeneration following partial hepatectomy, both alone and in the context of IL-6-mediated hepatocyte proliferation.
Methods
Animal protocols and 70% hepatectomy model. Six-to eightweek-old male CBA/J mice weighing approximately 20 g (The Jackson Laboratory, Bar Harbor, Maine, USA) were used in all experiments not using genetically altered knockout animals. SCF-deficient mice (Sl/Sld), IL-6 knockout mice (IL-6 -/-mice), and their appropriate WT controls were also obtained from The Jackson Laboratory. Sl/Sld mice are "partial" SCF knockouts, i.e., are heterozygotes for the gene deletion; complete SCF knockout mice are very fragile animals that do not tolerate general anesthesia or laparotomy. Therefore, experiments were undertaken in the partial knockouts, which express very low SCF levels. All experiments were performed in compliance with the standards for animal use and care set by the University of Michigan's Committee on the Use and Care of Animals.
Anesthesia was induced with subcutaneous ketamine hydrochloride (100 mg/kg) and maintained with isoflurane inhalation. All animals received intraperitoneal lactated Ringer's solution (40 ml/kg) to replace intraoperative fluid and lost blood. Partial (70%) hepatectomy was performed as previously described (4, 25) . Briefly, 3-0 silk suture ligatures were secured around the base of the median and left lateral hepatic lobes and the lobes were resected. Sham-operated control animals were treated in an identical fashion with the omission of hepatectomy. Previous studies in mice in our laboratory have demonstrated that the liver will regain its appropriate weight (that is, have weight equal to that of sham-operated control animals of an equal age and body weight) approximately 7-9 days after 70% hepatectomy. Liver weight to total body weight ratios are used throughout this study; liver weights are expressed as a percentage of total body weight. Sl/Sld mice are generally smaller than their WT controls and also gain body weight after laparotomy more slowly than WT animals. Therefore, to correct for these differences in animal size, liver weight/body weight ratios are used instead of liver weights alone.
For the ELISA studies and Western blot analysis of whole cell lysates, animals were sacrificed in a kinetic fashion and liver and serum samples were obtained and snap frozen in liquid nitrogen until ready for analysis. For the liver weight/total body weight studies, animals were weighed immediately prior to sacrifice; after sacrifice, the liver was excised in toto, immediately weighed, and liver weight to total body weight ratios were calculated.
For the studies involving BrdU staining, animals were sacrificed in a kinetic fashion and liver tissue samples were obtained and processed for BrdU staining. Additional in vivo studies were conducted in which the effects of exogenous SCF, exogenous IL-6, or anti-SCF antibody on hepatic regeneration were analyzed.
For the experiments using SCF, exogenous murine recombinant SCF (PeproTech Inc., Rocky Hill, New Jersey, USA) or vehicle (sterile PBS) administration was accomplished by bolus injection and chronic administration was performed using an Alzet pump release system (DURECT Corp., Cupertino, California, USA). The Alzet pumps function via an osmotic gradient, are implanted in the peritoneal cavity, and deliver 0.5 ml/h for up to 7 days. Cytokine dose is adjusted by altering the cytokine concentration within the pump reservoir. Sl/Sld and IL-6 -/-mice received a dose of 1 µg SCF/ mouse (each mouse weighed approximately 20 g) at the time of operation as well as additional continuous SCF via the Alzet pump at a dose of 0.2 µg/kg/24 hours. Control animals received a similar regimen of vehicle at the same bolus dose and/or pump rate.
For the experiments involving administration of exogenous IL-6, recombinant murine IL-6 (PeproTech Inc.) was injected at a dose of 1 mg/kg 3 hours prior to operation; this dose has been used in previously described experiments in the literature related to the hepatoproliferative effects of IL-6 (7). Control animals received an identical volume of vehicle.
For the experiments involving administration of anti-SCF antibodies, WT animals or Sl/Sld mice received a dose of 1 mg/kg anti-SCF antibody immediately postoperatively and then 1 mg/kg every 48 hours postoperatively until the time of sacrifice. This dosing schedule is dictated by previous antibody kinetic studies (4) .
Production of anti-SCF, anti-IL-6, and control antibodies. Rabbit anti-murine SCF or anti-IL-6 antibodies were prepared by multiple-site immunization of New Zealand White rabbits with murine recombinant SCF or recombinant IL-6 (PeproTech Inc.) in CFA (4). Polyclonal antibodies were titered by direct ELISA and specifically verified by the failure to cross-react with a large panel of other cytokines, including murine IL-3 (mIL-3), mIL-1, mTNF-α, mMIP-1α, epithelial neutrophil-activating protein, murine MIP-2, mouse monocyte chemoattractant-1 (mMCP-1), mMIP-1β, human (h) monocyte chemotactic protein-1, hIL-8, hRANTES, hMIP-1β, hTNF-α, and hMIP-1α. The IgG portion of the serum was purified over a protein A column. The quality of the antibodies was assessed using in vitro assays consisting of blocking SCF-induced mast cell activation and migration, as previously described (26) . The protein A column-purified IgG portion of the serum from nonimmunized rabbits was used as control antibody.
Primary hepatocyte isolation and culture. Primary hepatocyte isolation from mice was performed by collagenase perfusion as previously described (4) . Briefly, general anesthesia is induced as described above, midline laparotomy is performed, the animal is heparinized (150 U/kg), and the portal vein is exposed and cannulated with a 26-gauge angiocatheter. The liver is per-fused with HBSS (Ca +2 -and Mg +2 -free), 10 mM HEPES, and 10 5 U/l penicillin/streptomycin, pH 7.4, at 37°C at a rate of 1 ml/min to flush the liver of intravascular blood. This step is followed by collagenase perfusion (0.5 mg/ml collagenase B in DMEM/F12 with 10 5 U/l penicillin/streptomycin) at 37°C at a rate of 3 ml/min until tissue fracture is observed beneath the liver capsule. The liver is then removed to a Petri dish containing additional collagenase solution, the liver capsule is removed, and the tissue is gently agitated to disperse the cells. This solution is then filtered through sterile gauze into 25-ml conical tubes and the total volume is brought to 25 ml with DMEM/F12 with 10% FCS. This is then centrifuged at 360 rpm at 4°C for 10 minutes and the pellet is resuspended in 1% DNase in DMEM/F12; this procedure is performed a total of three times. The cells are plated in Media 199 (BioWhittaker, Walkersville, Maryland, USA) with 10% FCS, 10% horse serum, 10 mM HEPES, 10 5 U/l penicillin/streptomycin, 1.6 U/l insulin, and 4 × 10 -7 M dexamethasone and incubated at 37°C under 5% CO 2 . Hepatocyte viability is generally 85-95% as determined by trypan blue exclusion. Hepatocyte purity is determined by LDL staining, and typically the cells are 90-95% pure.
SCF ELISA. SCF was quantitated by ELISA using a modification of a double ligand method as previously described (4) . Before each ELISA, snap-frozen liver tissue specimens were thawed on ice, weighed, and homogenized in a solution containing 2 mg/ml protease inhibitors (Complete; Roche Molecular Biochemicals, Indianapolis, Indiana, USA). Previous studies in our laboratories have shown that Complete protease inhibitors do not interfere with any of the chemokine or cytokine ELISAs. SCF levels were also measured in previously collected, frozen serum samples that were thawed immediately prior to performing ELISA.
For the in vitro studies measuring cellular production of SCF, cell-free supernatants were collected for the measurement of soluble SCF. Since SCF is found in both soluble and transmembrane forms, additional assays were performed to measure soluble plus bound, or soluble plus transmembrane SCF. For these measurements, both cells and supernatants were collected and sonicated so both forms of SCF could be measured. These samples were stored at -70°C until the ELISAs were performed. All ELISA assays were performed in triplicate. For the animal studies, five animals per group per timepoint were used. In vitro studies were performed in triplicate and repeated a minimum of three times.
Flat-bottomed 96-well microtiter plates (Nunc Immuno-Plate I 96-F; Nunc A/S, Roskilde, Denmark) were coated with 50 µl/well of mouse anti-SCF monoclonal antibody (1 ng/µl in 0.6 M NaCl, 0.26 M H 3 B0 4 , 0.08 N NaOH, pH 9.6) for 16 hours at 4°C and washed with PBS (pH 7.5) containing 0.05% Tween-20 (wash buffer). Nonspecific binding sites were blocked with 2% BSA in PBS and incubated for 90 minutes at 37°C. Plates were rinsed four times with wash buffer and diluted (1:2 and 1:10) cell-free supernatants or tissue homogenates in were added and followed by incubation for 1 hour at 37°C; these experiments were performed in triplicate. Plates were again washed four times, followed by addition of 50 µl/well biotinylated rabbit anti-SCF antibody (3.5 ng/µl in PBS, pH 7.5, 0.05% Tween-20, and 2% FCS) and incubation for 30 minutes at 37°C. Plates were washed four times, streptavidin-peroxidase conjugate (Bio-Rad Laboratories Inc., Richmond, California, USA) was added, and plates were incubated for 30 minutes at 37°C. Plates were again washed four times, chromogen substrate (BioRad Laboratories Inc.) was added, plates were incubated at room temperature to the desired extinction, and the reaction was terminated with 50 µl/well of 3 M H 2 SO 4 solution. Plates were read at 490 nm in an ELISA reader. Standards were created with 1/2 log dilutions of recombinant mSCF from 10 pg/ml to 100 ng/ml. Measured SCF levels were normalized to tissue weight for the in vivo studies and expressed as ng/mg tissue, or per ml for the in vitro studies. This ELISA method consistently detects SCF concentrations above 250 pg/ml. The SCF antibody ELISA did not cross-react with mIL-3, mIL-1, mTNF-α, mMIP-1α, IL-6, mMCP-1, mMIP-1β, human monocyte chemotactic protein-1, hIL-8, hRANTES, hMIP-1α, hTNF-α, or hMIP-1β.
In vitro measurement of hepatocyte DNA synthesis by 3 H-thymidine incorporation. Measurement of in vitro proliferation of primary hepatocyte cell cultures was performed by incubation of cells in a 96-well plate for 18 hours with 0.5 µCi of 3 H-thymidine (4). The cells were then harvested onto glass wool filters and 3 H-thymidine incorporation was determined by liquid scintillation counting on a Beckman counter (Beckman Instruments Inc., Fullerton, California, USA). Each analysis was performed in triplicate and each experiment was repeated a minimum of three times.
In vivo measurement of hepatocyte DNA synthesis by BrdU incorporation. Two hours before sacrifice, animals were injected intraperitoneally with 30 mg BrdU per g body weight. Animals were then sacrificed and liver specimens were obtained. Liver tissues were fixed in 4% paraformaldehyde for 24 hours, processed for histological analysis, and stained using the Amersham cell proliferation kit (Amersham Pharmacia Biotech, Hertfordshire, United Kingdom). Three animals were used per treatment group per timepoint, and five separate low-power fields were assessed per animal. The number of cells staining positively for BrdU per low-power field were counted and expressed as mean ± SEM for each group.
Preparation of whole cell lysates. Frozen liver samples were thawed in prechilled lysis buffer (100 mM Tris, 0.1% SDS, 0.1% Triton X-100, and 15% glycerol), minced, homogenized, and sonicated. All tubes were maintained at 4°C and gently rotated on a rotator for 30 minutes and subsequently clarified through centrifugation at 14,000 g for 15 minutes at 4°C. The supernatants were removed and centrifuged again at 14,000 g for 15 minutes at 4°C. The resulting supernatants contained the total cell lysate proteins. Protein quantification was per-formed using a BCA protein assay kit (Pierce Biotechnology Inc., Rockford, Illinois, USA).
Western blot analysis. Sixty micrograms of total cell lysate were electrophoresed on a 12% polyacrylamide gel and then transferred to PVDF membranes (BioRad Laboratories Inc.). Membranes were blocked for 1 hour at room temperature in 5% dry milk and were then incubated with primary antibody for phosphotyrosine signal transducer and activator of transcription (p-stat3) at 1:100 (all reagents were purchased from Santa Cruz Biotechnology Inc., Santa Cruz, California, USA). The antibodies were diluted in 5% dry milk in Tris-buffered saline with 0.1% Tween-20 and the membranes were incubated with the antibodies overnight. The appropriate secondary antibodies in a dilution of 1:5,000 were then added and incubation continued for 1 hour at room temperature. The same blots were also stripped and reanalyzed using anti-GAPDH monoclonal antibodies (Chemicon International Inc., Temecula, California, USA) as an internal protein loading control. Antigen-antibody complexes were detected with the enhanced chemiluminescence detection system (ECL; Amersham Pharmacia Biotech, Piscataway, New Jersey, USA).
Statistical analysis. The in vivo studies used five mice in each group at each timepoint (27) . For Western blot analysis, each experiment was repeated a minimum of three times and representative gels are shown; densitometry graphs represent the mean densitometry values for three separate gels from three separate animal groups. Groups of data were evaluated by ANOVA and Student-Newman-Keuls tests to identify significant differences (26) . Differences were considered significant if P values were less than 0.05. Results are presented as mean ± SEM. Data was analyzed using a PowerPC 7100 computer using the StatView II statistical software package (Abacus Concepts Inc., San Francisco, California, USA).
Results
Hepatic SCF following partial hepatectomy. Animals underwent 70% hepatectomy or sham laparotomy and were sacrificed at 4, 8, 16, 24, 48, 72 , and 96 hours after operating. Liver and serum samples were obtained and were analyzed for SCF content by ELISA. Hepatic SCF levels were normalized to tissue weight, with SCF levels being expressed as ng/mg tissue; serum SCF levels were expressed as ng/ml. Sham-operated control animals demonstrated high constitutive levels of SCF in the liver, measuring in the range of 2,000-3,000 ng/mg tissue (Figure 1a) , suggesting a large baseline hepatic reservoir of SCF. Sham-operated control animals have low serum SCF levels (Figure 1b) . Following partial hepatectomy, there is a significant decline in hepatic SCF levels during the first 24 hours after hepatectomy (Figure 1a) . Concurrent with this decline in hepatic SCF levels, there is a significant increase in serum SCF levels (Figure 1b) , possibly suggesting that bound hepatic SCF is being cleaved into the soluble form in response to hepatectomy. This initial decline in hepatic SCF levels is followed by a significant rebound to supranormal levels 24-48 hours after hepatectomy, with a subsequent gradual decline to baseline over time (Figure 1a) . Similarly, serum SCF levels decline concurrent with the increase in hepatic levels (Figure 1b) .
In vitro analysis of hepatocyte response to SCF. The next experiments investigated SCF's effects on primary mouse hepatocytes in vitro. Primary hepatocytes were exposed to media alone or 1, 10, 25, 50, or 100 ng/ml of SCF, and proliferation was measured at 24 and 48 hours by incorporation of 3 H-thymidine. Exposure Hepatic and serum SCF levels after partial hepatectomy. Animals underwent 70% hepatectomy or sham laparotomy and liver tissue and serum was obtained for SCF quantitation by ELISA at various times postoperatively. Hepatic tissue SCF levels were normalized to tissue weight and expressed as ng/mg tissue. Serum SCF levels were expressed as ng/ml. Sham-operated control animals demonstrated high constitutive levels of hepatic SCF, in the range of 2,000-3,000 ng/mg tissue, and low serum SCF content. (a) Following 70% hepatectomy, hepatic SCF levels initially drop, then increase to supranormal levels 24-48 hours after hepatectomy, and then gradually drop to baseline levels. (b) In contrast, following 70% hepatectomy, serum SCF levels initially increase significantly, concurrent with the drop that is seen in hepatic SCF levels, then subsequently gradually decline to baseline levels. This suggests that bound hepatic SCF may be cleaved into the soluble form and released into the systemic circulation in response to hepatectomy. *P < 0.05 vs. sham-operated control animals. Data is expressed as mean ± SEM.
to 10 and 25 ng/ml SCF resulted in a significant increase in primary hepatocyte proliferation compared with incubation with media alone (Figure 2) . Interestingly, the higher doses of SCF did not have a significant proliferative effect.
Stimuli for SCF production and release. Since prior investigations have suggested that SCF may be produced in response to sepsis (28), we were next interested in determining whether IL-6 could stimulate SCF production and release. Primary mouse hepatocytes in vitro were stimulated with 20 ng/ml IL-6 or media alone and were harvested after 1, 2, 4, 8, 12, and 24 hours of incubation. Supernatants or supernatants plus cells were collected for SCF measurement by ELISA. Supernatant levels of SCF were used to estimate levels of soluble SCF; for quantitation of soluble plus bound SCF, supernatants plus cells were sonicated and SCF levels in this solution were used as an estimate of soluble plus bound SCF. Primary mouse hepatocytes produce significant amounts of both soluble and soluble plus bound SCF in response to IL-6 at all timepoints studied (Figure 3) .
Since IL-6 is a known hepatocyte mitogen and since the above experiments suggest that IL-6 can induce SCF production and release, the next experiments were designed to investigate whether SCF-and IL-6-induced hepatocyte proliferation occurs via a related pathway. At a dose of 20 ng/ml, both IL-6 and SCF induced significant hepatocyte proliferation after 24 hours of incubation, as measured by incorporation of 3 H-thymidine ( Figure 4) . Next, the effects of IL-6 or SCF blockade in the presence of SCF or IL-6, respectively, were measured. When hepatocytes were incubated with 20 ng/ml SCF plus anti-IL-6 antibody (10 µg/l), a slight decrease in hepatocyte proliferation was observed, although this did not reach statistical significance (Figure 4) . In contrast, when cells were incubated with 20 ng/ml IL-6 plus anti-SCF antibody (10 µg/l), a significant decrease in proliferation was noted, suggesting that SCF plays a role in IL-6-induced hepatocyte proliferation in this system (Figure 4) .
In vivo SCF effects after partial hepatectomy. Following 70% hepatectomy, hepatic SCF levels initially decline, then rebound to supranormal levels; in vitro, SCF appears to be a hepatocyte mitogen. Therefore, the next experiments studied SCF's potential role as an in vivo hepatic mitogen following partial hepatectomy. Mice underwent 70% hepatectomy, were treated with anti-SCF antibody or control antibody, and liver weight/ total body weight ratios were determined 7 days postoperatively as an estimate of hepatic regeneration. Table 1 illustrates a significant decrease in liver weight/ total body weight ratios in mice treated with anti-SCF antibody compared with mice treated with control antibody. Next, additional kinetic experiments were
Figure 2
Primary mouse hepatocyte proliferation in vitro in response to SCF. Primary mouse hepatocytes were exposed to increasing doses of SCF from 0 to 100 ng/ml and proliferation was measured after 24 and 48 hours of incubation. SCF treatment resulted in a significant increase in hepatocyte proliferation at the 10 and 25 ng/ml doses. Interestingly, the higher doses of SCF did not result in a significant increase in hepatocyte proliferation. Data are expressed as mean ± SEM. *P < 0.05 vs. media alone at the same timepoint.
Figure 3
In vitro primary mouse hepatocyte SCF production in response to IL-6. Primary mouse hepatocytes were stimulated with 20 ng/ml IL-6 or media alone. Supernatants and supernatants plus cells were harvested at various timepoints and SCF levels were measured by ELISA. Supernatant SCF levels were used to determine levels of soluble SCF. For quantitation of soluble + bound SCF, supernatants plus cells were sonicated and SCF levels in this solution were measured as an estimate of soluble + bound SCF. There were no significant differences noted in levels of soluble compared with soluble + bound SCF in cells incubated in media alone. There were significant increases in soluble SCF levels at all timepoints from cells treated with IL-6 ( # P < 0.05 vs. media alone). In addition, levels of soluble + bound SCF were significantly increased after IL-6 treatment compared with treatment with media alone (*P < 0.01 vs. media alone). Furthermore, levels of soluble plus bound SCF were significantly increased compared with levels of soluble SCF alone after IL-6 treatment at all timepoints ( † P < 0.05 vs. soluble levels). Data are expressed as the mean ± SEM. Thin line, cells incubated with media alone and assayed for soluble SCF; heavy line, cells incubated with media alone and assayed for soluble and bound SCF; open circles, cells stimulated with IL-6 (20 ng/ml) and assayed for soluble SCF; closed circles, cells stimulated with IL-6 (20 ng/ml) and assayed for soluble plus bound SCF.
performed in which hepatocyte proliferation following partial hepatectomy and treatment with anti-SCF antibody or control antibody was measured with BrdU staining. As illustrated in Figure 5a , treatment with anti-SCF in the context of partial hepatectomy results in a significant decrease in hepatocyte proliferation, as measured by BrdU incorporation, at 48 and 60 hours after hepatectomy. Furthermore, there is a significant increase in BrdU staining at 72 hours after hepatectomy, suggesting that decreases in SCF result in a delay in hepatocyte proliferation, rather than completely preventing proliferation (Figure 5a ).
Since SCF blockade after partial hepatectomy decreased hepatic regrowth as estimated by liver weight/total body weight ratios and BrdU staining, the next experiments investigated the rate of hepatic regrowth in Sl/Sld mice following 70% hepatectomy, again by measuring liver weight to total body weight ratios and hepatic BrdU staining. Table 2 shows that there is a significant decrease in liver weight/total body weight ratios in the Sl/Sld mice compared with WT mice 7 days after hepatectomy. If exogenous SCF is administered to Sl/Sld mice after partial hepatectomy, liver weight/total body weight ratios are restored to near-normal 7 days after hepatectomy (Table 3) , suggesting that SCF is important for hepatic regeneration in this model. These data are substantiated by BrdU staining in similar experiments. Mice underwent 70% hepatectomy and were sacrificed at 24, 36, 48, 60, and 72 hours postoperatively, and liver tissue was obtained for BrdU staining. Figure 5b illustrates BrdU staining in Sl/Sld mice and WT control mice. These experiments show that hepatocytes proliferate at a slower rate in Sl/Sld mice than in WT mice after partial hepatectomy; BrdU staining is significantly decreased at 48 and 60 hours after hepatectomy. Interestingly, BrdU staining is significantly increased at 72 hours after hepatectomy in the Sl/Sld mice, suggesting that lack of SCF slows but does not eliminate hepatocyte proliferation. Treatment of Sl/Sld mice with exogenous SCF restores hepatocyte proliferation to near-normal. Figure 5c demonstrates that there is no difference in hepatocyte proliferation following partial hepatectomy between WT mice treated with SCF, WT mice treated with vehicle, and Sl/Sld mice treated with SCF. In contrast, Sl/Sld mice treated with vehicle and partial hepatectomy had a significant decrease in BrdU staining at 48 and 60 hours after hepatectomy. While there was an increase in BrdU staining in WT mice treated with SCF and hepatectomy, these results did not reach statistical significance. These experiments suggest that a lack of SCF slows hepatocyte proliferation and hepatic regeneration following hepatic resection.
Relationship between SCF and IL-6 in vivo. Our in vitro data suggests that IL-6-induced hepatocyte proliferation may involve SCF. Therefore, the next experiments investigated the effects of SCF administration to IL-6 knockout mice following partial hepatectomy. Figure  6a illustrates liver weight/total body weight ratios in WT and IL-6 knockout mice following partial hepatectomy with and without exogenous SCF administration. Particularly at the later timepoints, SCF administration to IL-6 knockout mice restored liver weight/total body weight ratios to near-normal (Figure 6a ). Figure 6a illustrates the kinetics of this response over time. Beginning 3 days postoperatively and continuing to 5 days postoperatively, significant differences in liver weight/total body weight ratios are seen between IL-6 knockout mice treated with vehicle compared with IL-6 knockout mice treated with exogenous SCF.
The above liver weight/total body weight ratio data suggests that SCF replacement in IL-6 knockout mice restores hepatic regeneration to near-normal. To further investigate these effects, BrdU staining was performed on WT and IL-6 knockout animals undergoing partial hepatectomy with and without SCF treatment. These results are demonstrated in Figure 6b . This graph suggests that SCF administration to IL-6 knock-
Figure 4
In vitro primary mouse hepatocyte proliferation in response to SCF or IL-6 with and without treatment with anti-IL-6 or anti-SCF. Treatment of primary mouse hepatocytes with IL-6 or SCF alone resulted in a significant increase in hepatocyte proliferation after 24 hours of incubation (*P < 0.05 vs. media alone). Next, cells were treated with SCF and anti-IL-6 antibody; this treatment did not result in a significant change in hepatocyte proliferation. In contrast, when cells were treated with IL-6 and anti-SCF antibody, a significant decrease in hepatocyte proliferation was observed ( † P < 0.05 vs. IL-6 and SCF alone). Data are expressed as mean ± SEM. out mice after partial hepatectomy results in an earlier and larger induction of hepatocyte proliferation than is seen in IL-6 knockout animals undergoing hepatectomy and treatment with vehicle. In IL-6 knockout mice subjected to hepatectomy and SCF treatment, hepatocyte proliferation is significantly increased at 36 hours compared with IL-6 knockout mice treated with hepatectomy and vehicle, WT mice undergoing hepatectomy and vehicle treatment, and WT mice undergoing hepatectomy and SCF administration (Figure 6b ). At 48 hours, there is no significant difference in proliferation between IL-6 knockouts treated with SCF, WT mice treated with SCF, or WT mice treated with vehicle ( Figure 6b ). In contrast, at 48 hours, IL-6 knockouts treated with vehicle have significantly less proliferation than the other three groups at this timepoint ( Figure  6b ). At 60 hours, IL-6 knockouts treated with vehicle still have significantly less proliferation than WT mice treated with vehicle or SCF; however, at 60 hours there is no difference between IL-6 knockouts treated with vehicle and IL-6 knockouts treated with SCF ( Figure  6b ). This suggests that proliferation is accelerated in IL-6 knockouts treated with SCF and is nearly completed by 60 hours. In order to further study the relationships between IL-6 and SCF following partial hepatectomy in vivo, additional experiments were performed in which IL-6 was administered to Sl/Sld mice in the context of partial hepatectomy. Administration of IL-6 did not enhance hepatocyte proliferation in either WT or Sl/Sld mice (Figure 7) , and in fact, decreased proliferation somewhat, although this did not reach statistical significance. BrdU staining in Sl/Sld mice treated with vehicle or IL-6 was significantly decreased at 48 and 60 hours compared with WT mice treated with vehicle or IL-6. There was no difference in BrdU staining at 72 hours between either the WT group or Sl/Sld mice treated with vehicle; in contrast, BrdU staining in Sl/Sld mice treated with IL-6 was significantly decreased compared with the other three groups 72 hours postoperatively. This data was confirmed by liver weight/total body weight ratios that were obtained 7 days postoperatively (Table 4 ). These data demonstrated that liver weight/total body weight ratios in Sl/Sld mice undergoing hepatectomy plus vehicle treatment are significantly smaller than those seen in WT mice treated with IL-6 or vehicle in the context of hepatectomy. There was no significant difference seen in the liver weight/total body weight ratios in WT mice undergoing hepatectomy plus IL-6 treatment compared with WT mice undergoing hepatectomy plus vehicle treatment (Table 4) . Similarly, there were no significant differences seen in Sl/Sld mice undergoing hepatectomy plus vehicle treatment compared with Sl/Sld mice undergoing hepatectomy plus IL-6 (Table 4 ).
Figure 5
BrdU staining following partial hepatectomy in (a) mice treated with anti-SCF or control antibody; (b) Sl/Sld or WT mice; and (c) Sl/Sld or WT mice treated with SCF or vehicle. Mice underwent 70% hepatectomy, and BrdU staining was used as an estimate of hepatocyte proliferation. The effects of anti-SCF or control antibody after partial hepatectomy are shown in a. Anti-SCF antibody treatment resulted in a significant decrease in hepatocyte proliferation at 48 and 60 hours after hepatectomy (*P < 0.05 vs. hepatectomy alone and hepatectomy plus control antibody). Interestingly, there is a significant rise in BrdU staining in anti-SCF-treated animals at 72 hours after hepatectomy, suggesting that blockade of SCF effects results in a delay in proliferation, although proliferation is not completely prevented (*P < 0.05 vs. hepatectomy alone and hepatectomy plus control antibody). The effects of hepatectomy in Sl/Sld or WT mice are illustrated in b. WT animals have significantly increased levels of hepatocyte proliferation compared with Sl/Sld mice, particularly at 48 and 60 hours after hepatectomy. Sl/Sld mice did demonstrate increasing proliferation at 72 hours postoperatively, suggesting that some rebound in proliferation was occurring. (*P < 0.05 vs. WT). The effects of exogenous SCF administration on Sl/Sld or WT mice after 70% hepatectomy are illustrated in c. SCF administration to WT animals had minimal effects; in contrast, SCF administration to Sl/Sld mice restored hepatocyte proliferation to nearnormal. *P < 0.05 vs. WT mice treated with vehicle, WT mice treated with SCF, and Sl/Sld mice treated with SCF. LPF, low power field. Enhanced hepatocyte proliferation in response to SCF in IL-6 knockout mice is stat3-mediated. Prior investigations have documented that IL-6-induced hepatocyte proliferation following hepatectomy occurs via a stat3-mediated pathway (7, 9, 13 ). Since our current data suggests that SCF may be involved in this pathway, we next investigated whether the SCF-induced increases in hepatocyte proliferation in IL-6 knockout mice were stat3-mediated. Figure 8 illustrates a representative Western blot for cytosolic p-stat3. The densitometric analysis of three separate Western blots from three different animals is also shown. These experiments demonstrate that there is a significant decrease in cytosolic p-stat3 levels in IL-6 knockout mice at 1 and 3 hours after hepatectomy compared with WT controls. Furthermore, treatment of IL-6 knockout mice with SCF following hepatectomy restores cytosolic p-stat3 levels to those of WT controls, that is, there was no significant difference between cytosolic p-stat3 levels in IL-6 knockout mice receiving SCF after hepatectomy versus WT controls after hepatectomy; p-stat3 levels in IL-6 knockout mice receiving SCF and hepatectomy were significantly increased compared with IL-6 knockout mice undergoing hepatectomy alone. In addition, WT mice treated with SCF in the setting of partial hepatectomy had significantly increased cytosolic p-stat3 levels compared with WT animals undergoing hepatectomy alone. SCF's effects on p-stat3 occurred at early timepoints after partial hepatectomy. No effects on p-stat3 levels were seen at later timepoints (after 6 hours; data not shown).
Investigation of stat3 involvement during in vitro hepatocyte proliferation in response to SCF and IL-6. Previous investigations have documented that IL-6-induced hepatocyte proliferation is mediated via a stat3 signal transduction pathway (7, 9, 13) . In order to further document SCF's involvement in IL-6-mediated hepatocyte proliferation, additional in vitro experiments using primary mouse hepatocytes were performed. For the initial experiments, hepatocytes were incubated with media alone or 1, 10, or 50 ng/ml of SCF or IL-6. Cells were harvested after 1, 3, or 6 hours of incubation and cytosolic p-stat3 levels were measured by Western blot analysis. Figure 9 shows representative Western blots from these experiments. As has been previously shown, IL-6-induced hepatocyte proliferation is mediated via stat3, and as illustrated in Figure 9 , cytosolic p-stat3 levels are increased compared with media alone at 1, 3, and 6 hours after stimulation (7, 9, 13) . Figure 9 also demonstrates similar increases in cytosolic p-stat3 in response to hepatocyte stimulation with SCF, suggesting that SCF-induced hepatocyte proliferation is also occurring via a stat3-mediated pathway.
In order to further study the relationship between SCF and IL-6 in the context of hepatocyte proliferation, cells were stimulated with 1, 10, or 50 ng/ml IL-6 and 10 µg/l anti-SCF or with 1, 10, or 50 ng/ml SCF and 10 µg/l anti-IL-6. Since we have postulated that IL-6-mediated hepatocyte proliferation is SCF-dependent, these additional in vitro experiments were designed to further dissect this pathway. Figure 10 illustrates representative Western blots from these experiments. SCF blockade in the setting of IL-6-induced hepatocyte proliferation results in decreased cytosolic levels of p-stat3 ( Figure 10 ). In contrast, IL-6 blockade in the setting of 
Figure 6
Liver weight/total body weight ratios and BrdU staining in WT and IL-6 knockout mice after 70% hepatectomy with and without SCF treatment. Liver weight/total body weight ratios and BrdU staining as an estimate of hepatocyte proliferation were measured in mice over time. Four treatment groups were studied: WT + vehicle, WT + SCF, IL-6 knockout + vehicle, and IL-6 knockout + SCF. (a) Beginning 72 hours after hepatectomy, liver weight/total body weight ratios in IL-6 knockout mice treated with vehicle are significantly decreased compared with the other three treatment groups, and this difference continues to 120 hours. *P < 0.05, IL-6 knockout + vehicle vs. all other groups. There was no significant difference noted between IL-6 knockout mice treated with SCF and WT animals treated with vehicle or SCF. Data are expressed as mean ± SEM. (b) At 36 hours after hepatectomy, there was a significant increase in hepatocyte proliferation in IL-6 knockout animals treated with SCF ( # P < 0.05 vs. all other treatment groups). At 48 hours of incubation, the proliferation measured in IL-6 knockout animals treated with vehicle was significantly decreased compared with all other treatment groups (*P < 0.01 vs. all other groups). By 60 hours after hepatectomy, proliferation in IL-6 knockout mice treated with vehicle was still significantly decreased compared with WT animals treated with vehicle or SCF (**P < 0.05 vs. WT + vehicle and WT + SCF); however, there was no longer a difference between IL-6 knockout mice treated with vehicle and IL-6 knockout mice treated with SCF.
(29), and SCF cleavage is likely a part of this inflammatory event. This is also suggested by our studies, which show that at early timepoints following partial hepatectomy, there is a decline in hepatic SCF levels concurrent with increased serum levels, suggesting that hepatectomy results in cleavage of bound hepatic SCF into its soluble form. Some studies suggest a differential activity for the membrane-bound versus the soluble form of SCF (30) . Both soluble and transmembrane SCF can activate leukocyte populations (14) . For example, SCF enhances eosinophil-endothelial adherence by increasing the affinity of VLA-4 for VCAM-1 (31) . SCF has also been noted to have proliferative and antiapoptotic effects in other cell types, including melanocytes and bone marrow stem cells (18) (19) (20) . The data presented here support results from other recent investigations that have demonstrated significant hepatic SCF expression associated with hepatocyte growth and regulation (21) (22) (23) (24) . IL-6 is an important inflammatory cytokine that also induces hepatocyte proliferation; this process is mediated through stat3 (7, 9, 13) . Studies by Clavien and col-SCF-induced hepatocyte proliferation results in minimal decreases in cytosolic p-stat3 levels ( Figure 10 ). This suggests that IL-6-induced hepatocyte proliferation is at least partially mediated via upregulation of SCF and that SCF-induced hepatocyte proliferation is stat3-mediated.
Discussion
The current studies suggest that the healthy liver harbors a significant reservoir of SCF. Both our in vivo and in vitro experiments also suggest that SCF functions as a hepatic mitogen and that this may occur via an IL-6-mediated pathway, with SCF functioning downstream of IL-6. SCF is produced as a transmembrane protein that can be cleaved from the cell surface by enzymes released during inflammatory events, solubilizing the protein (14) . Previous studies have shown that partial hepatectomy incites an inflammatory response
Figure 8
Representative Western blot and associated densitometric analysis for cytosolic p-stat3 levels in WT and IL-6 knockout mice undergoing hepatectomy with and without SCF treatment. The Western blot is a single representative blot from one group of animals. The graph demonstrates densitometric analysis of three separate Western blots from three groups of animals. The maximum OD for each well was normalized to the maximum OD for the same well for GAPDH to correct for slightly unequal protein loading. The mean and standard errors were then calculated for each group and statistical analysis was performed. These experiments demonstrated that there is a significant decrease in cytosolic p-stat3 levels in IL-6 knockout mice treated with vehicle at 1 and 3 hours after hepatectomy compared with WT animals undergoing hepatectomy and treatment with vehicle (*P < 0.05, IL-6 knockout mice + vehicle vs. all other treatment groups at that timepoint). Furthermore, treatment of IL-6 knockout mice with SCF restores cytosolic p-stat3 levels to those of WT animals treated with vehicle, that is, there was no significant difference between cytosolic p-stat3 levels in IL-6 knockout mice receiving SCF after hepatectomy vs. WT animals undergoing hepatectomy; p-stat3 levels in IL-6 knockout mice receiving SCF and hepatectomy were significantly increased compared with IL-6 knockout mice undergoing hepatectomy alone. In addition, treatment of WT mice with SCF in the setting of partial hepatectomy significantly increased cytosolic p-stat3 levels in these animals compared with WT animals undergoing hepatectomy alone. # P < 0.05, WT + SCF vs. WT + vehicle at the same timepoint.
Figure 7
BrdU staining following partial hepatectomy in Sl/Sld or WT mice treated with IL-6 or vehicle. Sl/Sld or WT mice were subjected to 70% hepatectomy with and without treatment with exogenous IL-6. Four treatment groups were studied: WT + vehicle, WT + IL-6, Sl/Sld + vehicle, and Sl/Sld + IL-6. Administration of IL-6 to WT animals had minimal effects, as did IL-6 administration to Sl/Sld mice. (*P < 0.05 for Sl/Sld + vehicle and Sl/Sld + IL-6 vs. WT + vehicle and WT + IL-6; **P < 0.05 for Sl/Sld + IL-6 vs. all other groups).
leagues have shown that there are IL-6-dependent and IL-6-independent phases of hepatocyte proliferation: the G1 replication phase is IL-6 dependent, while the G1/S phase transition is independent of IL-6 (32). While many studies document that IL-6 is important for hepatic regeneration, other studies present conflicting data on IL-6's role in the hepatic regenerative response. During fulminant hepatic failure, early and sustained increases in IL-6 blood levels are associated with inhibition of liver regeneration due to protein inhibitor of activated stat3 upregulation (33) . Similarly, IL-6 hyperstimulation in a mouse partial hepatectomy model causes a strong activation of stat3 inhibitors and a delay and inhibition of cell cycle progression (34) . This is also suggested by our data (presented in Table 4 and Figure 7 ), which show some decrease in liver weight/total body weight ratios and BrdU staining in WT animals treated with exogenous IL-6 after partial hepatectomy. Thus, after massive hepatocyte loss, an early and rapid increase in IL-6 may weaken the hepatic regenerative response via upregulation of stat3 inhibitors (33, 34) . Our current study also provides interesting data regarding the complexity of IL-6-mediated hepatocyte proliferation. Exogenous SCF administration to IL-6 -/-mice in the setting of partial hepatectomy appears to restore hepatocyte proliferation to near-normal and to upregulate p-stat3 in the process, suggesting that SCF is integrally involved in IL-6-mediated hepatocyte proliferation and functions downstream of IL-6. An interesting aspect to this data, however, is the fact that the administration of exogenous SCF to WT mice did not result in a significant increase in hepatocyte proliferation, but did result in an increase in p-stat3 levels. This suggests that additional regulatory mechanisms controlling hepatocyte proliferation must be operating in WT animals, preventing excessive hepatocyte proliferation from occurring.
The SCF receptor is c-kit (35) , which is also considered to be a proto-oncogene. This further suggests that SCF may be involved in growth regulation. SCF and c-kit are expressed on many tumor cells, including neuroblastomas, small cell lung adenocarcinomas, and hepatomas (36) (37) (38) (39) . The latter indicates that liver-derived lineages can express and produce significant levels of SCF and c-kit, possibly associated with unrestricted growth. SCF in the liver is localized to hepatocytes surrounding the ductal epithelial cells, a probable focal point of hepatic regeneration (23, 24, 40) . A new drug, imatinib (Gleevec; Novartis Pharmaceuticals Corp., East Hanover, New Jersey, USA), is a protein kinase and c-kit inhibitor and is highly effective in treating stromal cell and other c-kit-positive tumors. Interestingly, this drug can be hepatotoxic, and the only mortality that has occurred in the early trials involved a patient who was taking acetaminophen regularly for fever and died of fulminant hepatic failure (31) . This suggests that SCF may have
Figure 9
Representative Western blot analysis for cytosolic p-stat3 levels in primary mouse hepatocytes stimulated with IL-6 or SCF. These Western blots are representative blots from in vitro experiments in which primary mouse hepatocytes were stimulated with 1, 10, or 50 ng/ml of IL-6 or SCF. These experiments demonstrated that there is a significant increase in cytosolic p-stat3 levels in response to both IL-6 and SCF at 1 hour (a), 3 hours (b), and 6 hours (c) of incubation. Note: Blots were stripped and reprobed for GAPDH in these Westerns. The GAPDH gels are separate from the p-stat3 gels. The position of the molecular weight marker is not applicable to the GAPDH gel. important actions in maintaining hepatic homeostasis. Accelerated hepatic stat3 expression is also seen in response to SCF during septic peritonitis (28) , again suggesting that this molecule is important in maintaining the liver's health in a variety of disease states. SCF and c-kit are present in normal as well as injured liver (41) . SCF levels increase during hepatic fibrosis, in bile duct-ligated mice, and in the setting of human biliary obstruction (42) (43) (44) (45) . During fulminant hepatic failure, c-kit mRNA levels increase (46) . Other studies also support our current investigations, suggesting a role for SCF during liver regeneration (47) . Additional experimental data have also confirmed a relationship between IL-6 and SCF in the hematopoietic system; more specifically, IL-6 and its soluble receptor upregulate SCF, leading to hematopoietic progenitor cell expansion during extramedullary hepatopoiesis (48) . IL-6 also modulates SCF-dependent human mast cell development (49) . The data presented in this investigation also suggest that IL-6 upregulates hepatic SCF and that hepatic SCF is at least partially responsible for hepatocyte proliferation following partial hepatectomy. In addition, these responses appear to be mediated via a stat3 signal transduction pathway. These data, in conjunction with the data presented in this manuscript, suggest that SCF is a part of IL-6-induced hepatocyte proliferation and that this pathway is likely important in the liver's regenerative recovery from partial hepatectomy.
Our current investigations indicate that there are high constitutive SCF levels within the liver. SCF is normally found as a transmembrane protein under homeostatic conditions and is solubilized after inflammatory stimuli induce the proper enzyme release to cleave it from the cell surface. This mechanism may allow a substantial SCF reservoir to be stored on the cell surface, ready for release upon liver injury. We hypothesize that solubilized SCF released during an acute injury could interact via c-kit receptors with the surrounding hepatocyte populations, functioning as a proliferative agent within the damaged tissue. Although hepatic homeostasis and regeneration likely involves multiple complex mechanisms and pathways, our current data suggest that SCF plays a significant role in maintaining and reestablishing the health of the liver.
Figure 10
Representative Western blot analysis for cytosolic p-stat3 levels in primary mouse hepatocytes stimulated with IL-6 and incubated concurrently with anti-SCF or stimulated with SCF and incubated concurrently with anti-IL-6. These Western blots are representative blots from in vitro experiments in which primary mouse hepatocytes are stimulated with 1, 10, or 50 ng/ml of IL-6 and anti-SCF or 1, 10, or 50 ng/ml of SCF and anti-IL-6. These experiments demonstrated that p-stat3 levels are decreased in cells stimulated with IL-6 and anti-SCF, particularly at the 3-hour and 6-hour timepoints. In contrast, minimal decreases in p-stat3 levels are seen in cells incubated with SCF and anti-IL-6. A double labeling technique was used for these gels; GAPDH is in the appropriate position for its molecular weight. (a-c) Timepoints 1, 3, and 6 hours. (d) The 3-hour and 6-hour timepoints demonstrating p-stat3 levels in cells stimulated with media alone or IL-6 or SCF alone at the 50 ng/ml dose, or IL-6 (50 ng/ml) + anti-SCF and SCF (50 ng/ml) + anti-IL-6.
